How does magnetism behave when the physical dimension is reduced to the size of nanostructures?
I. INTRODUCTION
Atomic and nanometer scale magnetism -in short called nanomagnetism -stands as one of the frontier fields in magnetism. Nanomagnetism opens on one hand new vistas to magnetic storage media, on the other hand it is a largely unexplored area of physics where novel effects ought to be expected. Controlling the flow of magnetic and charge information between increasingly smaller structures hinges on the meticulous control of the coupling between spins. Obviously, this is of central importance for the design of novel devices engineered on the level of individual atomic spins [1] whose functionality is geared towards computing speed, storage capacity and energy saving. Unprecedented opportunities for atomic engineering of future spintronics and quantum information devices arise thanks to fundamental explorations of magnetic nanochains and nanostructures using advanced experimental methods (see e.g.
Refs. [2-13]).
By means of the scanning tunneling microscope (STM), nanostructures are built atom by atom on different kind of substrates in controlled processes, resulting in well-defined magnetic units on the nano-scale. For example, logic gates based on magnetic nanochains were recently built [14] while even the magnetic exchange interactions between adatoms could be evaluated quantitatively using STM [8, 10] . Moreover a recently developed technique, inelastic scanning tunneling spectroscopy (ISTS), allowed access of spin excitations with STM.
Thus values of the magnetic anisotropy energy and magnetic properties of nanostructures down to single adatoms are measured experimentally and simulated theoretically (see for example Refs. [7, [15] [16] [17] [18] [19] [20] ). The properties of the magnetic nano-objects crucially depend on the atom species, the cluster shape and size and on the substrate material, magnetization and surface orientation. Therefore, there are numerous properties and effects, the understanding of which requires an interdisciplinary theoretical approach by ab-initio electronic structure methods, simplifying models, and statistical-mechanical methods, which together with experiment serve the goal of a description and a qualitative understanding of magnetic nano-structures (see e.g. Refs. [21] [22] [23] [24] [25] [26] [27] [28] Among the manifestations of magnetic complexity, perhaps most striking is the phenomenon of non-collinear magnetism, i.e., the case when the magnetic moments of atoms in a system are oriented in different directions. Far from paramagnetism, which occurs in the limit of vanishing inter-atomic interactions, here we are faced with particularly strong nearest-neighbor magnetic-moment coupling, reaching the order of magnitude of 0.5 eV, with non-collinearity being the result of competition among interactions. Basically, there are two types of competition. The first comes from direct antiferromagnetic exchange, with the competing interactions being of the same order of magnitude and the non-collinearity arising in a nearest-neighbor length scale. This effect is usually termed as frustration and will be the main topic of discussion in the present paper. The second is a competition of direct exchange with anisotropic exchange which arises from spin-orbit coupling and is typically at least an order of magnitude weaker. It leads to longer-range manifestation of non-collinear magnetism, typically on a length-scale of a few interatomic distances or more. Here we will simply reference works that have studied the latter, while our focus is on the former.
Magnetic frustration denotes the inability to satisfy competing exchange interactions between neighboring atoms. A simple model for frustration is the following (see Fig. 1 ), based on the antiferromagnetic (AF) interaction among neighboring Cr atoms. Starting with an antiferromagnetic (AF) Cr dimer, the addition of a third Cr atom to form an equilateral triangle leads to a frustrated geometry. Each atomic moment tends to be aligned AF to both its neighbors. Since this is impossible, the moments of the three atoms relax in a state of compromise. The ground state is then non-collinear, characterized by an angle of 120
• between each two atoms. The number of non-collinear solutions that share this property is infinite, since if all moments are rotated by the same angle their relative orientation to each other does not change. On the other hand, interaction with a magnetic substrate of a fixed-moment orientation stabilizes only one or perhaps a few of these infinitely many states. This Neel state is an example of intra-cluster frustration that can occur in clusters deposited on non-magnetic surfaces with a triangular symmetry such as fcc(111) surfaces [29, [31] [32] [33] [34] [35] [36] [37] [38] (e.g. Cu(111), Au(111) or Pt(111)). On magnetic surfaces, however, the non-collinear state can be also realized without intra-cluster frustration if there is a competition between the intra-cluster interactions, on the one hand, and the cluster-substrate interactions, on the other [11, [39] [40] [41] [42] . We call such a situation a cluster-substrate frustration, which as we shall see can also lead to complex magnetic behavior. In fact, it is helpful in general to distinguish between three factors contributing to the equilibrium magnetic state:
(i) the pair interaction among the atoms in the cluster,
(ii) the interaction of the cluster atoms with the substrate, and (iii) the geometry of the cluster (which is fixed by the substrate).
This separation is meaningful because the nearest-neighbors exchange interaction is energetically dominant compared to second, third, etc. neighbors, and because in different cluster sizes or shapes the type of pair interaction (ferro-or antiferromagnetic) does not change qualitatively. Quantitatively, however, this is only an approximation, and effects beyond this occur which are computed during the self-consistent calculations presented in this Highlight.
A first approximation to a description of magnetic frustration phenomena can be achieved by employing a classical Heisenberg Hamiltonian of the form
Here, e i is a unit vector defining the direction of the magnetic moment and i and j indicate the magnetically involved atoms, including the substrate atoms. The sign and strength of the terms J ij (where the magnitude of the moments has been absorbed) define the ground state.
Spin-orbit interaction could lead to non-collinear magnetism and recently it has been shown that anti-symmetric type of interactions, called the Dzyaloshinskii-Moriya interactions [43] could occur on surfaces [44] [45] [46] or even nanostructures on surfaces [26, 35, 47, 48] . These kind of interactions, reviewed in Ref. [49] , can of course easily be included in the previous Heisenberg Hamiltonian by terms of the form D ij · e i × e j . Henceforth, however, we limit our discussion to the physics of finite nanostructures where the spin-orbit coupling is negligible.
One way to proceed is to derive the values of J ij from density-functional calculations at a particular (e.g. collinear ferromagnetic) state [50] (see also Refs. [51] [52] [53] ), and then find the energy minimum using Eq. (1). This is probably a good approximation under the condition that the magnitude of the moments does not depend strongly on the relative direction to the neighboring moments, and that no higher-order corrections to the energy are necessary.
These conditions are usually met in systems where the direction of the moments varies in a length-scale of several inter-atomic distances, for example in the case of spin-orbit-induced non-collinear states, or in the case of low-energy magnetic excitations. Here, however, we are faced with strong directional fluctuations between neighboring moments, and it turns out that the conditions are not met. In addition, as we shall see, there occur more than one energy minima that are not reproduced by the Heisenberg model. Therefore one has to proceed by doing a full self-consistent calculation of the non-collinear state, using the Heisenberg model only as guideline.
Part of the reason that the Heisenberg Hamiltonian (1) fails is that we have in mind 3d transition elements. These are characterized by d orbitals localized enough to produce a magnetic moment, but also delocalized enough to provide strong exchange interactions.
Precisely this delocalization of the orbitals, creating itinerant states, has as a consequence that the electronic structure of an atom is affected by the magnetic orientation of its neighbors. Most susceptible to changes are actually the early and middle transition elements, e.g.
V or Cr, due to their more delocalized d orbitals compared to the Mn or later elements where the d orbitals are deeper in the potential well; and also Ni, because of the low-energy scale of its magnetic moment.
The correlation function χ ij , i.e., the response of the moment at site i to a rotation of the moment at j, is long-ranged. As a consequence, adding one magnetic atom at the boundary of a non-collinear nanostructure can change the whole state. Experimentally this can be achieved by moving a surface-adsorbed atom by an STM tip, as shown schematically in Fig. 2 . We will see that such manipulations can lead to interesting even-odd effects, depending on the size and shape of the nanostructure. with the cluster. Finally, the fcc(111) and (001) surfaces provide different geometry types, the former inducing an intra-cluster frustration due to its triangular geometry, the latter not.
Two of the studied magnetic surfaces have non-triangular symmetry, thus frustration is induced by the interaction with the magnetic substrate. These are of fcc(001) type: Ni (001) and Fe 3ML /Cu(001) surface. The former surface provides a smaller magnetic coupling to the ad-clusters compared to the latter one. Fe 3ML /Cu(001) substrate, known to be ferromagnetic up to four Fe monolayers [54] [55] [56] [57] , was chosen since it was used for x-ray magnetic circular dichroism measurements on Cr ad-clusters. The third surface is Ni(111) where the surface geometry is triangular, meaning, in terms of magnetic coupling, that a compact trimer with antiferromagnetic interactions resting on the surface necessarily suffers magnetic frustration.
This frustration leads to the well-known non-collinear Neel states being characterized by 120
• angles between the moments. Hence, in such a system we face an interplay between the noncollinear coupling tendencies arising from the interaction among the adatoms in the cluster and the collinear tendencies arising from the additional coupling to the substrate atoms. This is very different to the Ni(001) or Fe 3ML /Cu(001) surfaces where the frustration and non-collinear state arises from the competition between the coupling in the cluster and with the substrate.
The majority of the ab-initio methods available for the treatment of non-collinear magnetism make explicit use of Bloch's theorem and are thus restricted to periodic systems (bulk or films). Then one needs large supercells to simulate impurities in a given host (bulk or film) in order to avoid spurious interactions of the impurities from adjacent supercells. In contrast, the Korringa-Kohn-Rostoker Green function (KKR) method does not require a supercell which makes it an ideal tool to nanostructures on surfaces. Indeed since the method is based on Green functions, a real-space approach can elegantly be used [58, 59 ] (see Fig. 3 ). First non-collinear calculations by the KKR Green function method, though not selfconsistent, were already performed in 1985. Oswald et al. [60] could show by using the method of constraints that the exchange interaction between the moments of Mn and Fe impurity pairs in Cu is in good approximation described by the cos θ-dependence of the Heisenberg model.
Sandratskii et al. [61] and Kübler et al. [62, 63] pioneered the investigation of non-collinear magnetic structures using self-consistent density functional theory and investigated the spin spiral of bcc Fe with the KKR method. Later on, ∆-Fe was a hot topic, and the appearance of the experimental work of Tsunoda et al. [64, 65] led to the development of other firstprinciples methods able to deal with non-collinear magnetism such as LMTO [66] , ASW [67] and FLAPW. [68] [69] [70] Several papers [71, 72] describe how symmetry simplifies the computational effort for the spiral magnetic structures in the case of perfect periodic systems-this involves the generalized Bloch theorem. In ab-initio methods, this principle is used together with the constrained density functional theory [73, 74] giving the opportunity of studying arbitrary magnetic configurations where the orientations of the local moments are constrained to nonequilibrium directions.
Concerning unsupported clusters, few methods are developed. For example, Oda et al. [75] developed a plane-wave pseudopotential scheme for non-collinear magnetic structures. They applied it to small Fe clusters for which they found non-collinear magnetic structures for Fe 5
and linear-shape Fe 3 . This last result was in contradiction with the work of Hobbs et al. [76] who found only a collinear ferromagnetic configuration using a projector augmented-wave method. Small Cr clusters were found magnetically non-collinear, [75] as shown also by Kohl and Bertsch [77] using a relativistic nonlocal pseudopotential method.
One main result of Oda et al. [75] and Hobbs et al. [76] concerns the variation of the magnetization density with the position. The spin direction changes in the interstitial region between the atoms where the charge and magnetization densities are small, while the magnetization is practically collinear within the atomic spheres. This supports the use of a single spin direction for each atomic sphere as an approximation in order to accelerate the computation; this approximation is followed also here.
II. THEORY: NON-COLLINEAR KKR FORMALISM
The KKR method uses multiple-scattering theory in order to determine the one-electron Green function in a mixed site and angular-momentum representation. In the simple case of collinear magnetism, the retarded Green function is spin-diagonal, G = diag(G ↑ , G ↓ ), and is expanded as:
Here, E is the energy and R n , R n ′ refer to the atomic nuclei positions. By r < and r > we denote respectively the shorter and longer of the vectors r and r ′ which define the position in each Wigner-Seitz cell relative to the position R n or R n ′ . The wavefunctions R n sL ( r ; E) and H n sL ( r ; E) are, respectively, the regular and irregular solutions of the Schrödinger equation for the potential V sn at site n, being embedded in free space; L = (l, m) is a combined index for angular momentum quantum numbers; l is truncated at a maximum value of l max . The first term on the RHS of Equation (2) is the so-called single site scattering term, which describes the behavior of an atom n in free space. All multiple-scattering information is contained in the second back-scattering term via the structural Green functions G nn ′ s;LL ′ (E) which are obtained by solving the algebraic Dyson equation:
Equation (3) 
between the t matrices of the real and the reference system is significant (the t-matrix gives the scattering amplitude of the atomic potential). The quantitiesG nn ′ s;LL ′ (E) are the structural Green functions of the reference system. For the calculation of a crystal bulk or surface, the reference system can be free space, or, within the screened KKR formulation [78] , a system of periodically arrayed repulsive potentials. After the host (bulk or surface) Green function is found, it can be used in a second step as a reference for the calculation in real space of the Green function of an impurity or a cluster of impurities embedded in the host.
The algebraic Dyson equation (3) is solved by matrix inversion, as we will see later on in Equation (7) . In case of spin-dependent electronic structure, spin indices enter in the tmatrix, the Green functions and in Eq. (3) . Especially in the case of non-collinear magnetism, these quantities become 2 × 2 matrices in spin space, denoted by t and G (see for example
Refs. [39] or [79] ).
Once the spin-dependent Green function is known, all physical properties can be derived from it. In particular, the charge density n( r ) and spin density m( r ) are given by an integration of the imaginary part of G up to the Fermi level E F and a trace over spin indices s (putting the Green function in a matrix form in spin space):
Here, σ = (σ x , σ y , σ z ) are the Pauli matrices.
The basic difference between non-collinear and collinear magnetism is the absence of a natural spin quantization axis common to the whole crystal. The density matrix is not anymore diagonal in spin space as in the case of collinear magnetism. Instead, in any fixed frame of reference it has the form
At any particular point in space, of course, a local frame of reference can be found in which ρ is diagonal, but this local frame can change from point to point.
The KKR Green function ansatz for non-collinear magnetism is analogous to (2), but including non-spin-diagonal elements ss ′ [39] . A simplification is achieved by an approximation to the exchange-correlation potential which is assumed to be collinear within each atomic cell [by averaging the direction of the non-collinear exchange-correlation potential B xc ( r )], accelerating computational time of the single-site solutions and reducing the number of iterations. Then for each cell we define a local reference frame with respect to which the local solutions of the Schrödinger equation and the t-matrix, t loc n , are spin-diagonal. After the local Schrödinger equation is solved, the t-matrix of each atom is rotated in spin-space to a pre-defined global frame by a site-dependent transformation in spin space, t
The resulting matrix t n;ss ′ is not any more spin-diagonal (but always site-diagonal), with the non-diagonal terms containing the information on spin-flip scattering by the atomic potential. From t glob n , and from the reference-system structural Green function, we calculate, just as in the collinear case, the structural Green function of the perturbed system by solving the algebraic Dyson equation, where now all objects are matrices in terms of site, angular momentum, and spin index:
In order to obtain the output charge-and spin-density, the local wavefunctions R n sL ( r ; E) and H n sL ( r ; E) are also projected to the global frame using the projection matrices σ ns for the local spin-up (↑) and spin-down (↓) directions:
Then we have:
At the end, given the spin-density, an average is made in order to define the new sitedependent local axis (θ n , φ n ) with respect to the global reference frame:
In order to find the output exchange-correlation potential within the local spin-density approximation, the spin density of each atom is projected on its local-frame direction (θ n , φ n ) and the self-consistency cycle is repeated in the usual density-functional theory sense.
III. 3D SINGLE ADATOMS AND INATOMS
In order to understand the behavior of complex nanostructures it is necessary to investigate their building block that are adatoms and inatoms (i.e., impurity atoms in the first surface layer). Here we would like to review the behavior of 3d adatoms on the three chosen ferromagnetic surfaces, Ni(001) (see for example Refs. [39, [80] [81] [82] [83] ), Fe 3ML /Cu(001) [41] and Ni(111) [40] .
By comparing the energies of the FM solution, where the adatom moment is parallel to the surface-atom moments, with the AF solution, where the relative orientation is of antiferromagnetic type, we find the first elements of the 3d series (Sc, Ti, V, Cr) are AF whereas Mn, Fe, Co and Ni are FM. This is is shown in Fig. 4 (a) where the energy difference between the AF and FM solutions is plotted.
Clearly, the AF-FM transition occurs when the adatom atomic number changes from Cr interatomic interaction of magnetic dimers [84, 85] , in terms of the energy gain due to the formation of hybrid states with the Ni substrate as the 3d virtual bound state (VBS) comes lower in energy with increasing Z (see Fig. 5 ). Energy is gained when a half-occupied d
VBS at E F is broadened by hybridization with the Ni minority 3d states, which lie at E F (the Ni majority d states are fully occupied and positioned below E F ). This mechanism is called double exchange (the term is borrowed from the magnetism of transition-element impurities in oxides, since the mechanism is similar). For the early 3d adatoms (Fig. 5a) , it is the majority d VBS which is at E F , thus the majority-spin direction of the adatom is favorably aligned with the minority-spin direction of Ni, and an AF coupling arises. For the late 3d adatoms (Fig. 5b) , on the contrary, the minority d VBS is at E F , and this aligns with the Ni minority d states; then a FM coupling arises. For our purposes we keep in mind that, since Cr and Mn are in the intermediate region, i.e., near the AF-FM transition point, their magnetic coupling to the Ni substrate is weak; this has consequences to be seen in the behavior of dimers, trimers, etc., in the next sections.
We should also stress the importance of kinetic exchange, which produces antiferromagnetic coupling, and occurs when occupied states of one atom hybridize with unoccupied states of its neighbor. This situation, demonstrated in Fig. 5 , leads to a down-shifting of the occupied levels, gaining energy. Contrary to this, a parallel alignment does not lower the energy, since there is no level shifting, but only level broadening of majority VBS. Since these are fully occupied, the broadening brings no energy gain. This is the reason that Cr and Mn neighboring atoms couple antiferromagnetically [84, 85] . We turn now to the Fe 3ML /Cu(001) substrate, known to be ferromagnetic [54] [55] [56] [57] . The motivation comes partly from experiments carried out using for x-ray magnetic circular dichroism measurements on Cr ad-clusters [40] . Also it has the advantage that it keeps the fcc structure, so that the adatoms can be placed in nearest-neighbor positions, while for example adatoms on Fe bcc(001) would be placed in second-nearest neighbor positions. Finally, Fe 3ML /Cu(001) is expected to exert a much stronger exchange coupling on adatoms compared to the Ni(001) surface [41] . However, for Mn which is at the edge between FM and AF coupling, the net result is a (weak) AF coupling to the substrate, contrary to the weak FM 
IV. DIMERS
Having established the single adatom behavior, we turn to adatom dimers, where frustration effects can be already witnessed. Here we discuss only the most interesting case, that is when the two adatoms are nearest neighbors and antiferromagnetically coupled to each other. In this situation, the interaction is strong enough to allow a frustration and thus non-collinear magnetism [39] either in the presence of ferromagnetic or antiferromagnetic coupling to the substrate. The starting, frustrated collinear configuration is the ferrimagnetic (FI) state, to be compared to the non-collinear configurations for Cr and Mn dimers on Ni(001). When we allow for a rotation of the magnetic moments, non-collinear solutions are obtained for the Cr-and
Mn-dimer/Ni(001) systems. Fig. 6 (a) represents the collinear magnetic ground state of the Cr system. As one expects from the adatom picture, both adatoms forming the dimer tend to couple AF to the substrate but due to their half filled d band they also tend to couple AF to each other.
Thus there is a competition between the interatomic coupling within the dimer, which drives it to a FI state, and the exchange interaction with the substrate, which drives the moments of both atoms in the same direction: AF for Cr and FM for Mn. As discussed in the previous section, the magnetic exchange interaction (MEI) to the substrate is relatively weak for Cr and Mn. Thus, the intra-dimer MEI is stronger than the MEI with the substrate, and in the collinear approximation the ground state is found FI. Removing the collinear constraint, a compromise can be found such that both adatom moments are oriented almost to each other and at the same time (for Cr) slightly AF to the substrate. This is shown in Fig. 6(b) :
the Cr adatom moments are aligned antiparallel to each other and basically perpendicular to the substrate moments. However, the weak AF interaction with the substrate causes a slight tilting, leading to an angle of 94.2
• with respect to the surface normal, instead of 90
We also observe a very small tilting (≈ 0.3 • ) of the magnetic moments of the four outer Ni atoms neighboring the Cr dimer (the two inner Ni atoms do not tilt for symmetry reasons).
Despite the above considerations, the collinear FI state ( . or after relaxing the atoms. We note, however, that in a test calculation we found the Cr single-adatom relaxation to be small (3.23 % inward with respect to the interlayer distance), and thus we believe that the relaxation cannot affect the exchange interaction considerably.
As a cross-check, it is interesting to compare these non-collinear ab-initio results to model calculations based on the previously defined Heisenberg model 1 with the exchange parameters fitted to the total energy results. Taking into account only nearest-neighbor interactions and neglecting the rotation of Ni moments, we rewrite the Hamiltonian for the dimer in terms of the tilting angles θ 1 and θ 2 of the two Cr (or Mn) atoms (the azimuthal angles φ do not enter the expression because of symmetry reasons):
The Fig. 6 . The exchange constants J ij fitted to total energy results can be compared to the ones obtained by starting from the FI state and using the Lichtenstein formula [50] , having in mind also its restriction to low-angle rotations [51, 52, 89] . This rests on the force theorem, and yields the exchange constants corresponding to an infinitesimal rotation of the moments. The results of the two methods agree best for the Mn-Mn interaction, and reasonably well for the Cr-Cr interaction,
but not for Mn-Ni and Cr-Ni. This is expected, since a rotation causes a significant change in the magnitude of the Ni moments, so that the force theorem is not applicable any more.
With the parameters from is degenerate with the non-collinear solution (θ 1,2 = 90
• with AF coupling within the dimer).
To evaluate the effect of change in coordination and hybridization, we have undertaken a study of inatom dimers (i.e., embedded in the surface layer), where we found that the ground state is of FI type for both Cr and Mn systems. It is interesting to note that recent simulations on Mn dimers deposited on Ni(001) surface were presented in Ref. [92] considering the impact of an external electric field. It was shown that depending on the magnitude of the field, switching of the nature of magnetic ground state can be achieved.
On the fcc Fe 3ML /Cu(001) surface, the magnetic coupling between the surface atoms and the adatoms is expected to be stronger than on Ni (001) On Ni(111) surface, the magnetic behavior for the Cr and Mn dimers is similar to the behavior on Ni(001) surface with the difference of a reduction of the adatom-substrate MEI due to the lower coordination on Ni(111). This leads once more to a FI ground state for
Cr-dimer whereas non-collinearity is a metastable state for Mn-dimer. Energetically, this state characterized with a rotation angle of θ = 79
• is slightly higher, by 4.4 meV/adatom, than the energy of the FI solution.
V. CHAINS
Now that we found the presence of both collinear and non-collinear states in dimers, it is reasonable to ask what happens in larger systems, such as antiferromagnetic clusters or chains. Within the Heisenberg model, the infinite antiferromagnetic chain deposited on a ferromagnetic surface is predicted to be non-collinear with atomic moments tilted in a similar fashion as the dimer moments at the condition that dimer is non-collinear [42] . But what is the ground state of finite-length chains? For a preliminary answer one can employ again the classical Heisenberg Hamiltonian that we rewrite as follows:
cos(θ i ).
N is the number of atoms in the chain and θ is the rotation angle of the chain atom moment with respect to the magnetization of the surface. J 1 (< 0) stands for an (antiferromagnetic) exchange interaction between two neighboring chain atoms at sites i and i ± 1 in the chain, while J 2 is the interaction between a given chain atom and the substrate. As an example, Mn-chains on Ni(001) surfaces are discussed; the obtained results are rather general [42] . For the dimer-case, the energy of the FI solution depends only on J 1 (E FI = J 1 ), because the contributions J 2 of both adatoms cancel out due to their antiparallel alignment. On the other hand, the energy of the NC solution ( Fig. 7(a) ) depends also on the magnetic interaction with the substrate in terms of J 2 (E NC = −J 1 cos(2θ) − 2J 2 cos(θ)).
For three Mn adatoms ( Fig. 7(f) ), we find the FI solution to be the ground state. Contrary to the dimer, the energy of the collinear solution of the trimer depends on J 2 (E FI = 2J 1 −J 2 ) due to the additional third adatom, which in fact allows the FI solution to be the ground state. One sees here the premise of an odd-even effect on the nature of the magnetic ground state. On this basis one can conjecture that chains with even number of atoms would behave similarly to the dimer, because an additional energy with the substrate proportional to J 2 can be gained in the NC state by the small tilting off the 90 • angle shown in Fig. 7(a) , while odd-numbered chains would behave similarly to the trimer. They can always gain energy in the collinear state due to one J 2 interaction term which does not cancel out.
Investigating the longer nanochains with even number of atoms shows that their ground state is always NC. Examples, calculated with the KKR method, are presented in Fig. 7 Table II . In a first approximation, the magnetic moments are always in the plane perpendicular to the substrate magnetization keeping the magnetic picture seen for the dimer almost unchanged. Moreover, the neighboring magnetic moments are coupled almost AF. The atoms at both ends of the chains are closest to a FM orientation to the substrate (see Table II ). The two central chain atoms A-B (see Fig. 7 for the notation) are the ones which keep their rotation angles almost unaltered with respect to the dimer. The angle θ oscillates between 70
(b)-(c)-(d)-(e) and in
• obtained for the chain with 6 atoms up to 87
• obtained for the chain with 4 atoms. Note that the angle between two successive moments is about 150
• , similar to the dimer result.
The considered odd-numbered nanochains are characterized by a FI ground state in which the majority of atoms are coupled FM to the surface. The total energy differences to the lowest lying metastable, i.e. NC state, first increases with respect to the length of the chain (see Table III ) up to a maximum for a chain with 7 atoms (10.5 meV/adatom) followed by a decrease for longer chains. This behavior is the property of the metastable NC state and arises from a competition between the edge and inner atoms of the chain. Edge atoms in odd chains favor collinear moment alignment to the substrate. For short chains, trimer and 5 atoms chains, they dominate the total magnetic behavior permitting only a slight tilting of the moments away from the FI state. For longer chains, however, the inner atoms experience basically the same local environment as the atoms in even chains resulting in similar moment orientations.
When increasing the length of the chains, both kinds of chains should converge to the same magnetic ground state since the even-odd parity is expected to be obsolete for infinite systems. Within the DFT framework, the investigation of longer chains is computationally very demanding. Thus, the Heisenberg model is used to investigate this magnetic transition.
We discuss now the Heisenberg Model results. Two different approaches are used to solve Eq.13. [95] In the first approach we allow the rotation angle θ i to vary from site to site in the chain and in the second we consider a constant absolute value of θ at each site. The first, the inhomogeneous approach, requires an iterative numerical scheme while the second, the homogeneous one, leads to a simple analytical form. In Fig. 8(a) Number of atoms in the chain for N ≈ 8|J 1 |/|J 2 |, as found in Fig. 8(a) . Moreover, we notice that for big values of N, ∆E NC−FI converges to a constant, J 2 2 /(8J 1 ), which is confirmed by the convergence of the two curves in Fig. 8(a) towards the same NC state with θ NC = 69
• : if the chains are infinite the parity induced differences vanish.
The next point is the discussion of the general behavior of the transition length for odd chains. Using the inhomogeneous ansatz, we determine for each set of parameters (J 1 , J 2 ) the corresponding transition length which leads to the phase diagram shown in Fig. 8 it is interesting to note that a recent experimental as well as theoretical work revealed a similar NC behavior for a full-monolayer of Mn deposited on a bcc Fe(001) surface [91] .
We note that recent simulations [93] on Mn nanowires on bcc Fe(001) did not show the even-odd behavior since the magnetic exchange interactions among the nearest neighboring Mn adatoms were antiferromagnetic but smaller then the ferromagnetic magnetic exchange interaction with the substrate. Thus a non-collinear state is not expected in this situation (Eq. (12) is not fulfilled). However, interesting sinusoidal modulation of the magnetization is obtained with a period corresponding to the length of the Mn nanowires.
Recently, spin-polarized STM experiments on Mn nanowires deposited on Ni(110) combined with DFT calculations verified the existence of an even-odd effect in the magnetic ground states [11] . Similar to Ni(001) substrate, the even-numbered wires are non-collinear while the odd-numbered ones are collinear. Interestingly, the ferrimagnetic contrast was observed experimentally for the trimer, but for the dimer and tetramer no signal was observed.
This is reasonable since if there is no spin-orbit coupling the tilted moments of Mn atoms can rotate freely around the magnetization of the substrate. Thus, there is no possibility to observe a contrast from the components of the adatoms magnetic moments perpendicular to the magnetization of the surface while the parallel components are difficult to distinguish.
In Ref. [11] , an additional proposal is made for the fluctuations of the magnetization using zero-point energy motion for even-numbered chains. Indeed, although a barrier, induced by the spin-orbit interaction, exists between equivalent orientations of the magnetic moments, the strength of the fluctuations, evaluated within the Landau-Lifschitz-Gilbert formalism, is larger than the barrier. More details can be found in Ref. [11] .
VI. COMPACT CLUSTERS A. Fcc(001) surfaces
So far we have examined a simple one-dimensional geometry of the magnetic nanostructure, which can be stabilized at low enough temperatures. One expects, however, more compact structures to occur, where the increased coordination will favor a reduction of the cohesive energy. For example, instead of the aforementioned linear trimer, an isosceles rectangular triangle would occur on an fcc(001) surface (see Fig. 9 ).
In such a triangle on Ni(001), it is expected, and verified by total-energy calculations, to find the ↓↑↓ configuration as the collinear magnetic ground state for Cr and the ↑↓↑ for the Mn trimer (↑ means an atomic moment parallel to the substrate magnetization, ↓ means antiparallel; the middle arrow represents the direction of the atomic moment at the right-angle corner of the triangle).
Allowing free rotation of the magnetic moments leads to no change for the Cr trimer ↓↑↓-the state remains collinear (within numerical accuracy). On the other hand, for the Mn trimer One should note that the moments of the two first neighboring impurities are almost compensated in the FI solution. The third moment determines the total interaction between the substrate and the trimer which has then a net moment coming mainly from the additional impurity. This interaction is identical to the single adatom (or inatom) type of coupling.
On Fe 3ML /Cu(001) surface, the nature and type of non-collinear structure of the trimer do not change much compared to what is obtained on Ni(001) surface. The only difference is that, here, the non-collinear solution is the ground state for the compact Cr-and Mn- trimer. The addition of a third adatom to the system forces a rotation of the moments. The two second-neighboring Cr/Mn impurities B and C (see Fig. 10(a) ) have a moment tilted towards the surface by an angle of 156
• from the AF coupling) and adatom A moment is tilted up/down with an angle of 77 • /20
• . As can be noticed, the moment of the central adatom rotates by approximately twice the rotation angle of the moments of the outer adatoms. This is explained by the fact that the central magnetic moment experiences twice the AF exchange coupling from its two first neighboring atoms.
We extended our study to bigger clusters, namely tetramers and pentamer. Two types of tetramers were considered: tetramer 1 is the most compact and forms a square (Fig. 10(c) ),
while tetramer 2 has a T-like shape ( Fig. 10(b) ). The ground state of Cr-tetramer 1 is non-collinear ( Fig. 10(c) ) with a magnetic moment of 2.5 µ B carried by each impurity. One notices that the neighboring adatoms are almost AF coupled to each other(the azimuthal angle φ is either equal to 0 0 or to 180 0 ) with all moments rotated by the angle θ = 111
• .
Contrary to Cr, Mn-tetramer 1 has a collinear FI magnetic ground state with a total energy slightly lower (2.3 meV/adatom) than the energy of the non-collinear metastable solution.
The latter is similar to the solution depicted in Fig. 10 (c) but with moments slightly tilted upwards.
For Cr-tetramer 2 (see Fig. 10 (b)) we obtained several collinear magnetic configurations.
The most favorable one is characterized by an AF coupling of the three corner atoms with the substrate. The moment of adatom C, surrounded by the remaining Cr impurities, is then forced to orient FM to the substrate. When we allow for the direction of the magnetic moment to relax, we get a non-collinear solution having a similar picture, energetically close to the collinear one (∆E col−NC = 2.3 meV/adatom). Adatom C has now a moment somewhat We note that tetramer 1 with a higher number of nearest-neighboring bonds (four instead of three for tetramer 2) is the most stable one (∆E tet2−tet1 = 14.5 meV/adatom) with the non-collinear solution shown in Fig. 10(c) .
To study the pentamers, we have chosen two structural configurations: pentamer 1 ( Fig. 10(d) ) with the highest number (five) of first neighboring adatom bonds (NAB) and pentamer 2 which is more compact has only four NAB. The latter one is obtained by extending the tetramer of Fig. 10(b) symmetrically with an additional adatom forming an X-shaped cluster. The pentamer 1 consists on a tetramer of type 1 plus an adatom (E) and is characterized by a non-collinear ground state. Let us understand the solution obtained in this case by starting from tetramer 1 ( Fig. 10(d) ), which is characterized by a non-collinear almost in-plane magnetic configuration. As we have seen, a single adatom is strongly AF coupled to the substrate. When attached to the tetramer it affects primarily the first neighboring impurity (adatom C) by tilting the magnetic moment from 111
• to 46
• . Adatom E is also affected by this perturbation and experiences a tilting of its moment from 180 • to 164
• . As a second effect, the second neighboring adatom, A, is also affected and suffers a moment rotation from 111
• to 138
• . The AF coupling between first neighboring adatoms is always stable, thus adatom D has also a moment rotated opposite to the magnetization direction of the substrate with an angle of 155 • (µ = 2.48 µ B ). As adatom B tends to couple AF to its neighboring Cr adatoms, its magnetic moment tilts into the positive direction with an angle of 85
On the other hand, pentamer 2 is characterized by a non-collinear solution which is very close to the collinear one: the outer adatoms are AF coupled to the surface magnetization while the moment of the central adatom is forced to be oriented FM to the substrate.
Surprisingly, this ad-cluster which has less first NAB (four instead of five) has a lower energy compared to pentamer 1. Here, energy difference between the two structural configurations is about 37 meV/adatom. The strength of the second NAB seem to be as important or stronger than the first NAB.
Experiment
It is interesting to compare the aforementioned theoretical results to measurements determined using X-ray magnetic circular dichroism (XMCD). This type of experiments allows to determine the of spin or moment, M z , per number of d-holes, n d . The experiments were performed by the group of Wurth [41] on size-selected Cr ad-clusters deposited by soft-landing techniques on Fe 3ML /Cu(001). The nature of the experiment is such that a large surface area is sampled, and also only the size of the clusters is known, but not the shape. Therefore the experimental result is a statistical average over a number of (unknown) cluster shapes.
After applying XMCD sum rules [94] , the Hamburg group of Wurth [41] arrived at the result shown in Fig. 11 .
One notices the strong decrease of M z /n d with increasing cluster size which is due to the appearance of antiferromagnetic or non-collinear structures as calculated by theory. The qualitative and quantitative trends observed in the experimental results agree well with the theoretical results ( Fig. 11(b) ) for Cr-atoms to Cr-pentamers. Although the theoretical values The non-collinear tetramer 1 has a much lower value than what was seen experimentally whereas the collinear tetramer 1 and tetramer 2 give a better description of the kink seen experimentally. With regards to the small energy difference (∆E = 14.5V meV) between the two tetramers considered, one could interpret the experimental value as resulting from an average of non-collinear tetramers 1, collinear and non-collinear tetramer 2. We believe that this explains why the tetramer ratio value is higher than the one obtained for a trimer. The trimer and the pentamers are clearly well described by the theory and fit to the experimental measurements.
B. Fcc(111) surfaces
Before discussing the complex spin structures induced by a magnetic surface with triangular symmetry, it is instructive to look at the simpler cases of non-magnetic substrates.
Non-magnetic surfaces
Using the RS-LMTO-ASA method, Bergman and co-workers [29] found that the ground state for the most compact Cr and Mn trimers is the Neel state with a rotation angle of 120
• between the magnetic moments ( Fig. 12(a) ). Such a non-collinear structures was also reported from calculations on Cr clusters, with the same geometry, supported on Au (111) surface [34, 36] .
In Figs. 12(b) and 12(c) more interesting structures are explored [29] . First six Mn atoms forming a hexagonal ring structure were studied [Fig 12(b) ]. The antiferromagnetic nearest neighbor interaction causes a magnetic order where every second atom has its magnetic moment pointing up and every other has a moment pointing down, and the magnetic order On the Au(111) surface, Antal and coworkers [35] investigated the magnetic behavior of Cr ad-clusters using a the fully-relativistic KKR method. They also found the equilateral trimer to exhibit a frustrated 120
• Néel type of ground state with interestingly a small out-ofplane component of the magnetization that is induced by relativistic effects. In the cases of a linear chain and an isosceles trimer, collinear antiferromagnetic ground states are obtained with the magnetization lying parallel to the surface.
An interesting investigation was carried out by Ribeiro et al. [37] for Mn corrals deposited on Pt(111) surface. In the considered structures, the coupling between nearest neighbors Mn adatoms is of antiferromagnetic nature and the magnetic ground state is found to be collinear and ferrimagnetic. But as soon as an additional Mn adatom is attached to the corral, noncollinear orientations of the magnetic moments are induced along the whole corrals similarly to the simulations presented in Ref. [38] .
Magnetic surface: Ni(111)
As mentioned previously, trimers in equilateral triangle geometry are, in the presence of antiferromagnetic interactions, prototypes for non-collinear magnetism, with the magnetic moments of the three atoms having an angle of 120
• to each other. In our case, the 120
• state is perturbed by the exchange interaction with the substrate, and therefore the magnetic configuration is expected to be more complicated.
Let us start with a Cr dimer (Mn dimer) that we approach by a single Cr adatom (Mn adatom). Three different types of trimers can be formed: i) the compact trimer with an equilateral shape, ii) the corner trimer with an isosceles shape and iii) the linear trimer. The adatoms are named A, B and C, as shown in Fig. 13 (see Ref. [40] ). In the most compact trimer, the distance between the three adatoms is the same leading to a strong intra-cluster frustration. This is attested for the Cr case for which we had difficulties finding a collinear solution. Our striking result, as depicted in fig. 13a- Fig. 12(a) ], the moments are usually shown as if they were parallel to the surface. However, any rotation is allowed (if spin-orbit coupling is neglected), as long as it is the same for all moments so that their directions relative to each other are the same. Here the situation is different: the substrate magnetization forces a particular absolute choice of directions, while the relative angle between the trimer moments is not changed much.
For the compact Mn trimer, three non-collinear configurations were obtained: As in the case of the compact Cr trimer, the free Mn trimer must be in a 120
• configuration. Nevertheless, the magnetism of the substrate changes this coupling taking into account the single adatom behavior: Mn adatoms prefer a FM coupling to the substrate and an AF coupling with their neighboring Mn adatom.
The first non-collinear magnetic configuration (NC1) is similar to the Cr one ( Fig. 13(a It is interesting to compare the total energies of the three trimers we investigated. The compact trimer has more first neighboring bonds and is expected to be the most stable trimer.
The energy differences confirm this statement. Indeed the total energy of the Cr compact trimer is 119 meV/adatom lower than the total energy of the corner trimer. Similarly, the
Mn compact trimer has a lower energy of 53 meV/adatom compared to the corner trimer.
Finally we discuss the case of tetramers. We consider two types of tetramers, formed by adding a Cr or Mn adatom (atom D in Fig. 14) to the compact trimer. We begin with the compact tetramer ( Fig. 14(a)-(b) ). For both elements Cr and Mn, the FI solution is the ground state ( Fig. 14(a) ). The Cr tetramer, in particular, shows also a non-collinear configuration ( Fig. 14(b) ) as a local minimum which has, however, a slightly higher energy of ∆E NC−FI = 1 meV/adatom. Within this configuration the AF coupling between the adatoms is observed. However, the four moments are almost in-plane perpendicular to the substrate magnetization.
An additional manipulation consists in moving adatom D and forming a tetramer-b 
VII. SUMMARY AND CONCLUDING REMARKS
In summary, we have reviewed recent work on the ab-initio investigation of complex spin-structures in ad-clusters deposited on magnetic surfaces. We have discussed prototype systems where different kinds of frustration exist: (i) frustration within the cluster and
(ii) frustration arising from antiferromagnetic coupling between the adatoms in the cluster and competing magnetic interactions between the clusters and the surface atoms. We see that frustration results in non-collinear magnetic configuration on a length scale of nearestneighbor distances. The energy scale of the directional relaxation of the magnetic moments with respect to the frustrated state can be comparable to the cohesive energy of the cluster.
In most of these cases, the present local density functional calculations give more than one energy minima, corresponding to different non-collinear states, that can be energetically very close (with differences of a few meV/atom). In these situations the system can easily fluctuate between these states. Naturally the relative energy values that were shown here can change if one corrects for the approximations that we used (neglect of spin-orbit coupling and structural relaxations, and use the local spin density approximation for the exchange-correlation energy), in particular as regards energy differences of the order of a few meV. However, the conclusion of existence of multiple almost degenerate magnetic states is expected to hold.
It is demonstrated in several occasions that the position of a single adatom within a nanostructure or the addition of an atom to a nanostructure provides a strong magnetic perturbation to the whole nano-entity. One could even envision adatoms acting as local magnetic switches, which via the local magnetic exchange field of the single adatom allow to switch the total moment on and off, and which therefore might be of interest for magnetic storage.
This mechanism has been recently used experimentally to build magnetic logic gates [14] .
Thus, magnetic frustration could be useful for future nanosize information storage.
